This paper reports the aided and unaided speech-recognition scores from a group of 171 elderly hearing-aid wearers. All hearing-aid wearers were fit with identical instruments ͑linear Class-D amplifiers with output-limiting compression͒ and evaluated with a standard protocol. In addition to including multiple measures of speech recognition, an extensive set of physiological and perceptual measures of auditory function, as well as general measures of cognitive function, were completed prior to the hearing-aid fitting. Comparison of the results from this study to available norms suggested that this group of participants was fairly typical or representative for their hearing loss and age. Approaches to the prediction of general speech-recognition performance that were examined included methods based on an acoustical index, the Speech Intelligibility Index ͑SII͒, and others based on linear-regression statistical analysis. The latter approach proved to be the most successful, accounting for about two-thirds of the variance in speech-recognition performance, with the primary predictive factors being measures of hearing loss and cognitive function.
I. INTRODUCTION
Attempts to predict the speech-recognition performance of normal-hearing and hearing-impaired listeners for a variety of acoustical conditions have had a long history. One basic approach that has been pursued actively over the past half century, initially for normal-hearing individuals and more recently for hearing-impaired persons, is based on the original Articulation Index ͑AI͒ model of Fletcher and colleagues ͑French and Steinberg, 1947; Fletcher and Galt, 1950; Fletcher, 1953͒ . The AI model has evolved over the past 50 years, but the basic notion underlying the model remains the same. Specifically, there is a well-defined, monotonic relationship between a weighted sum of band-specific speech-to-noise ratios, the AI, and average speechrecognition performance measured for those same acoustical conditions. Over the years, there have been variations in approaches regarding the number and width of the analysis bands ͑e.g., 1/3-octave, octave͒, the importance function or weighting factors assigned to each band, the range of speechto-noise ratios to be considered in each band ͑e.g., ϩ15 to Ϫ15 dB vs ϩ12 to Ϫ18 dB͒, and the method used to establish the speech-to-noise ratio in each band. The effects of many of these factors on the resulting AI calculation have been reviewed previously by . Given the large number of variations in the basic AI model that had emerged in the 1980s and 1990s, the American standard for the calculation of this index was revised in 1997 ͑ANSI S3.5-1997͒. In this national standard, the acoustical index was also renamed the Speech Intelligibility Index ͑SII͒.
When the SII is applied to the aided and unaided speechrecognition performance of elderly hearing-impaired listeners, several correction factors, either incorporated in the standard or available in the research literature, have been recommended. If high speech levels are used, either aided or unaided, then a level-distortion factor incorporated in the standard will reduce the resulting SII. It should be noted, however, that this factor would also apply to SII calculations for normal listeners evaluated at the same high speech levels. While such a correction factor may seldom be needed for normal listeners under ''typical'' listening conditions, it will frequently be needed for hearing-impaired listeners wearing hearing aids under those same ''typical'' listening conditions. In addition to the level-distortion adjustment to the SII, correction factors associated with hearing loss desensitization ͑e.g., Pavlovic, Studebaker, and Sherbecoe, 1986; Branch, 1999͒ and aging ͑Studebaker et al., 1997; Sherbecoe and Studebaker, 2002b͒ have also been advocated for applications of the SII to elderly hearingimpaired listeners. For the most part, these correction factors are derived from group data and attempt to bring the group data for impaired listeners more in line with the performance-vs-SII transfer function for average normal listeners.
A statistical linear-regression model of aided and unaided speech-recognition performance represents an entirely different approach to the prediction of speech-recognition performance in elderly hearing-aid wearers. Rather than attempting to describe the performance of the ''typical'' listener from consideration of the acoustical conditions, the regression model attempts to predict the performance of individual listeners from available predictor variables. Such variables might include those inherent in SII calculations, such as the hearing thresholds of the listeners and the gain of the hearing aid, as well as those included in various SII correction factors, such as the age of the listener. The regression model, however, can also include additional factors that might contribute to performance, such as measures of audia͒ Electronic mail: humes@indiana.edu tory perceptual processing or cognitive function. Although there have been a large number of studies pursuing a regression approach to this problem over the past 10-15 years, especially regarding unaided speech-recognition performance, perhaps the series of studies by van Rooij and colleagues, Humes and colleagues, and Divenyi and Haupt are most representative ͑Divenyi and Haupt, 1997a , 1997b , 1997c Humes and Roberts, 1990; Humes and Christopherson, 1991; Humes et al., 1994; van Rooij, Plomp, and Orlebeke, 1989; Plomp, 1990, 1992͒ . In all of these studies, good regression fits were obtained with large proportions of the variance ͑typically 67%-90%͒ in unaided speech-recognition performance accounted for by various predictor variables. Although all studies identified cognitive or auditory-processing factors that made secondary contributions to the best-fitting regression model, audibility or hearing loss was universally found to be the single best predictor of unaided speech-recognition performance.
Perhaps the predominant role of audibility in such regression models is not surprising given that one is predicting unaided speech-recognition performance and, in most studies, speech has been presented at or near conversational levels. A notable exception is the study by Humes et al. ͑1994͒ in which speech was also presented at high sound levels ͑90 dB SPL͒ and, in one condition, was also spectrally shaped to mimic the frequency-gain characteristics generated by a common clinical hearing-aid-fitting protocol. Although audibility still accounted for more variance in speech-recognition performance than any other factor, this appeared to be less the case for high speech levels in noise backgrounds.
Nonetheless, it is very likely that audibility will also play a role in aided speech-recognition, at least when listeners are fit with linear hearing aids having frequency-gain characteristics matched to the most common prescriptive formulas employed clinically ͓see Humes ͑1991, 1996͒ and Humes and Halling ͑1993͒ for reviews͔. That is, prescriptive approaches for such hearing aids are generally not designed to maximize the audibility of speech, but incorporate a tradeoff between the optimization of speech audibility and the maintenance of a pleasant sound quality so as not to lead to the rejection of the hearing aids. In practice, this typically means a reduction in the high-frequency gain of linear hearing aids relative to that which would optimize speech understanding Humes and Halling, 1993͒ . As a result, the high frequencies of speech are often still inaudible for many wearers while using hearing aids.
The present study evaluates both acoustical SII-based and statistical regression-based approaches to the prediction of unaided and aided speech-recognition performance in the same group of elderly hearing-aid wearers. In addition to obtaining multiple measures of speech-recognition performance in both aided and unaided listening conditions, all participants completed an extensive battery of audiological, auditory-processing, and cognitive measures prior to being fit with hearing aids. These measures were used in subsequent regression analyses, but were also examined in detail to establish that the present group of elderly hearing-aid wearers were ''typical'' or representative of elderly hearingimpaired listeners in general. Since the focus was on individual differences among wearers, the devices used and the study protocol were identical for all participants. Additional procedural details are provided in Sec. II.
II. METHOD

A. Participants
The participants in this study were recruited for a largescale, longitudinal study of hearing-aid outcome measures via newspaper ads, flyers posted in the community, printed announcements in church/synagogue bulletins, and word of mouth. All participants enrolled in the study met the following selection criteria: ͑1͒ age between 60 and 89 years; ͑2͒ hearing loss that was flat or gently sloping ͑from 250 to 4000 Hz, no inter-octave change in hearing thresholds of more than 20 dB͒; ͑3͒ hearing loss that was of sensorineural origin ͑normal tympanometry and air-bone gaps no greater than 10 dB at three or more frequencies͒; ͑4͒ hearing loss that was bilaterally symmetrical ͑interaural difference within 30 dB at all octave and half-octave intervals from 250 to 4000 Hz͒; ͑5͒ pure-tone thresholds within the following ranges at frequencies of 250, 500, 1000 250, 500, , 1500 250, 500, , 2000 , and 30-120 dB HL ͑ANSI, 1996͒; ͑6͒ no known medical or surgically treatable ear-related condition; ͑7͒ no known fluctuating or rapidly progressing hearing loss; ͑8͒ no cognitive, medical, or language-based conditions which may have limited the participant's ability to complete the procedures used in the longitudinal study of outcome measures; ͑9͒ no use of medications that could affect hearing or cognition; and ͑10͒ completion of a signed medical clearance form, or waiver of such by the participant, and a signed informed consent form.
During the first few years of this study, over 400 individuals had been recruited as potential participants and 205 met the selection criteria and were enrolled in the large-scale, longitudinal study. Of this group, 198 represented all the participants to have completed a large battery of tests prior to being fit with amplification. A total of 171 of these 198 individuals remained in the study at least to the one-month postfit interval, at which time the aided speech-recognition measures were completed. These 171 individuals represent the participants in this study. They ranged in age from 60 to 87 years ͑M ϭ73.0 years͒ and 54 ͑31.6%͒ were female. A total of 104 individuals ͑60.8%͒ were new hearing-aid users. Of the 67 experienced hearing aid users, 36 ͑53.7%͒ wore binaural amplification and the rest wore monaural amplification.
B. Prefit test materials and procedures
Audiological evaluation
Following completion of a detailed case history, a comprehensive audiological evaluation was conducted for all participants in this study. All audiologic measurements were obtained using ER-3A insert earphones and all equipment was calibrated in accordance with ANSI S3.6-1996. This evaluation included: ͑1͒ air-conduction pure-tone audiometry at 250, 500, 1000, 2000, 3000, 4000, 6000 and 8000 Hz, with additional threshold measurements at 750 and 1500 Hz whenever thresholds at the adjacent octave test frequencies differed by 20 dB or more; ͑2͒ bone-conduction pure-tone audiometry at octave intervals from 250 to 6000 Hz; ͑3͒ immittance measurements, including tympanometry, acoustic reflex thresholds, and acoustic reflex decay; ͑4͒ speechrecognition threshold ͑SRT͒ for CID W-1 spondaic words presented via monitored live voice; ͑5͒ 50-item wordrecognition scores ͑Auditec recordings of NU-6 materials; Tillman and Carhart, 1966͒ at either 40 dB SL or maximum audiometer output, whichever corresponded to a lower sound pressure level, in quiet and in white noise at a ϩ12 dB signal-to-noise ratio ͑SNR͒; and ͑6͒ LDL measurements using the scaling categories and instructions described by Hawkins et al. ͑1987͒ , an ascending approach with 5 dB step size, and pure-tone frequencies of 500, 1000, 2000, 3000, and 4000 Hz. For the air-conduction pure-tone thresholds, measures of average hearing loss were also calculated. These included the pure-tone average ͑PTA͒ based on thresholds at 500, 1000, and 2000 Hz and the high-frequency pure-tone average ͑HFPTA͒ based on thresholds at 1000, 2000, and 4000 Hz.
In addition to these audiological measures, those participants who, based on the preceding audiological evaluation, met the selection criteria for the study, were invited to enroll in the longitudinal study of hearing-aid outcome. For the eligible participants who elected to enroll in the longitudinal study, a series of additional measures were obtained across four more test sessions. As much as possible, similar types of measures were grouped into specific test sessions. The order of testing was identical for all of these participants and proceeded as follows.
Additional audiological testing
Tests included in this session were: ͑1͒ distortionproduct otoacoustic emissions ͑DPOAEs͒ collected with the ILO92 system, L1ϭL2ϭ70 dB SPL, f2/f1ϭ1.224, and ''DPGram'' operation mode with f1 sweeps from 818 to 5200 Hz with the SNR in dB at the 2f1-f2 frequency recorded and a low-, mid-, and high-frequency band average computed ͑f2 ranges of 1001-1587, 2002-3174, and 4004 -6348 Hz, respectively͒; ͑2͒ auditory brainstem responses ͑ABRs͒ measured for each ear, using a Bio-Logic Model 54 system, for 2000 rarefaction click stimuli presented at a level of 90 dB nHL and at a rate of 11.1 clicks per second, with wave-V latency from two repeatable responses recorded; and ͑3͒ performance-intensity functions for each ear for NU-6 words with 25 monosyllabic words presented at several levels, beginning 40 dB above SRT and progressing, in 10 dB steps to a maximum of 100 dB HL, with the maximum score ͑PB-max͒ and the score at the maximum possible presentation level ͑PB-maxHL͒ recorded. A measure of PI-PB rollover was calculated by subtracting PB-maxHL from PB-max.
Auditory processing
Auditory-processing capability at high sound levels represented another area assessed in each participant prior to fitting of the hearing aid. There were two primary tools used to assess auditory-processing capabilities and in both cases the stimulus presentation level was 90 dB SPL. The first was the Test of Basic Auditory Capabilities ͑TBAC͒ developed by Watson and colleagues ͑Watson, 1987͒ . This battery of auditory-discrimination tests has been demonstrated to be reasonably reliable in a small sample of elderly hearingimpaired listeners tested at moderate presentation levels ͑Christopherson and Humes, 1992͒ and has been used successfully with elderly hearing-impaired listeners ͑Humes and Christopherson, 1991; Christopherson and Humes, 1992͒ . The studies with hearing-impaired listeners have found that the TBAC provides measures of auditory-discrimination ability that are unaffected by the presence of peripheral hearing loss when administered at sensation levels greater than 30 dB. In the present project, the TBAC was administered at a level of 90 dB SPL. Based on prior principal-component analyses of the application of the TBAC to hearing-impaired listeners ͑Humes et al., 1994͒, the following three tests were administered sequentially: ͑1͒ duration discrimination for a 1000 Hz pure tone; ͑2͒ temporal order for tones, which is a temporal-order discrimination task for a four-tone sequence spectrally centered at 1000 Hz; and ͑3͒ syllable sequence test, which measures temporal-order discrimination performance for consonant-vowel syllables ͑/fa,ta,ka,pa/͒ as a function of syllable duration. All TBAC tests were administered diotically.
In addition, three tests of auditory perceptual processing were selected from the Veterans Administration Compact Disk for Auditory Perceptual Assessment ͑VACD; Noffsinger, Wilson and Musiek, 1994͒ . This test had been evaluated previously for use with a similar group of participants ͑Humes, Coughlin, and Talley, 1996͒. Based on the findings of , the following three measures were selected for use in this study: ͑1͒ dichotic consonant-vowel syllable identification for syllables delivered with 90 ms interaural onset disparity ͑Noffsinger, Martinez, and Wilson, 1994͒ with the score based on 30 dichotic presentations ͑60 syllables͒; ͑2͒ the pitch-pattern test, which assesses temporal-order identification for three-tone sequences ͑Musiek, 1994͒, with the score based on 60 trials to the left ear; and ͑3͒ recognition of NU-6 monosyllabic words that have been 45% time-compressed ͑Wilson et al., 1994͒, with each score based on 50 words presented to the right ear.
For all the measures of auditory processing, stimuli were presented from either a digital audio tape ͑TBAC͒ or CD ͑VACD͒, through an attenuator and amplifier, to ER-3A insert earphones. All sound pressure levels specified for stimulus presentation level are referenced to an HA-2 2 cm 3 coupler ͑Frank and Richards, 1991͒.
Cognitive assessment
Participants in this study completed the Wechsler Adult Intelligence Scale-Revised ͑WAIS-R; Wechsler, 1981͒. Eleven standard scale scores and three measures of intelligence emerged from this testing. In addition, since the WAIS-R does not provide age-related norms beyond an age of 74 years and absolute measures of cognitive function were desired, rather than relative measures within age-matched peer groups, raw scores on the 11 subscales of the WAIS-R were also recorded. Testing was performed by a graduate student in educational psychology with experience in test administration and scoring. In addition, a hardwired assistive listening device was made available for use during WAIS testing in the event any of the participants had trouble understanding the instructions and explanations provided for various measures by the examiner.
The foregoing audiological, auditory-processing, and cognitive measures were completed over a period of two to four weeks prior to fitting the participant with amplification. Each session required 90-120 min for completion.
C. Hearing aids and fitting procedures
Once the prefit testing was completed, the participants returned for the initial fitting of their hearing aids. Procedural details presented here regarding this portion of the study can also be found in Humes et al. ͑2001͒ , a study that focused on the analysis of a battery of hearing-aid outcome measures for the same study sample. Based on the previously obtained audiologic information and using the Hearing Aid Selection Program ͑HASP, Version 2.07͒ fitting software, produced and distributed by the National Acoustics Laboratories ͑NAL͒, NAL-R targets, including corrections to targets for severe or profound hearing loss ͑NAL-RP; Byrne et al., 1990͒ , were generated for each ear and the corresponding circuit was selected and ordered. The HASP software returns a variety of targets, including real-ear insertion gain and full-on coupler gain. The latter was adjusted downward by the 10 dB reserve gain incorporated into the HASP software to create recommended coupler-gain values.
All hearing aids made use of linear circuits with outputlimiting compression and Class D amplifiers. All instruments were full-shell, in-the-ear ͑ITE͒ devices and included a telecoil switch on one instrument ͑determined by the wearer's preference͒. Active tone ͑low-cut only͒ and output-limiting controls, adjustable select-a-vent venting, and wax guards were included on all devices. The volume-control wheels were marked by the manufacturer with a small white dot at the perimeter to provide a visual reference for its position and adjustment. All hearing aids were made by the same manufacturer.
Using real-ear insertion gain targets for the NAL-R prescription formula incorporated in the HASP fitting software, the clinician adjusted the settings of the controls and vent to achieve the closest match possible to target gain for a 60 dB SPL swept pure-tone signal using either Frye 6500 or Audioscan real-ear measurement equipment. Matching criteria were ϩ or Ϫ 10 dB from 250 to 2000 Hz and ϩ or Ϫ 15 dB at 3000 and 4000 Hz. If a match could not be obtained using these fairly broad matching criteria, the participant was not permitted to continue in the study. In fact, no participants were eliminated from the study for this reason and the quality of the matches to target gain were considerably better than the broad exclusion criteria cited previously, as will be seen in the following. Previous reports from this project ͑Hu-mes et al., 2000; Humes et al., in press͒ on 55-134 participants followed for a full year demonstrated that: ͑1͒ users consistently preferred a gain setting that was typically 6 -9 dB below that prescribed; ͑2͒ the experimenters were able to return the volume control for all aided measurements to a consistent position that matched closely the prescribed target gain for subsequent aided testing; and ͑3͒ problems, such as dead batteries, cerumen blockage of the receiver port, etc., were relatively uncommon. For more details regarding the gain measurements and adjustment procedures, the reader is referred to Humes et al. ͑2000͒ .
Following the delivery of the hearing aids and their initial fitting by the clinician, a hearing-aid orientation was conducted. Participants were instructed to use their hearing aids at least four hours per day and to begin use in easier listening conditions ͑quiet, one-on-one conversation, etc.͒ when possible.
D. Speech-recognition measures
Each participant returned two weeks later for a follow-up session. At the beginning of this session, gain measurements were again made in the coupler to evaluate the instruments and the aids were removed, inspected, and subsequently adjusted as needed to restore their function to that recorded in the initial session. The participant was also instructed to increase his/her minimum daily hearing aid usage to at least six hours.
It was also during this two-week follow-up session that all unaided measures of speech recognition were completed. A total of 12 unaided speech-recognition scores were obtained during this two-week follow-up session. There were four basic test conditions, but in each condition scores were obtained in the sound field from the right ear, the left ear, and then binaurally. For monaural testing, the nontest ear was occluded with a foam earplug. ͑Monaural unaided testing was included to permit examination of alternative definitions of objective hearing-aid benefit in subsequent analyses not reported here.͒ The four test conditions were as follows: ͑1͒ CUNY Nonsense Syllable Test ͑NST; Levitt and Resnick, 1978͒ presented at an overall level of 65 dB SPL and a ϩ8 dB ͑SNR͒ using the recorded multitalker babble from the SPIN test ͑Kalikow, Stevens, and Elliott, 1977͒ as the competition; ͑2͒ Connected Speech Test ͑CST; Cox et al., 1988͒ presented at an overall level of 50 dB SPL in quiet; ͑3͒ CST presented at an overall level of 65 dB SPL and a SNR of ϩ8 dB using the recorded multitalker babble provided with the CST; and ͑4͒ CST presented at an overall level of 80 dB SPL and a SNR of 0 dB. The particular combinations of speech level and SNR were selected to cover a range of anticipated ''real world'' listening conditions as suggested recently by Walden ͑1997͒ with the specific combinations of speech level and SNR for this study based on the data of Pearsons, Bennett, and Fidell ͑1977͒. All speech materials were commercially available recorded versions. For the NST, the full 102-item, 11-subtest version was used and, for the CST, each score was based on two consecutive passages with each passage containing 25 key words for scoring. Different forms of the NST and different passages of the CST were used for each condition.
The speech signal for all speech-recognition measurements was presented from a loudspeaker ͑Radio Shack Optimus 7͒ located 1 m in front of the participant at 0°azimuth and elevation whereas the babble competition was delivered from an identical loudspeaker located 1 m behind the partici-pant at 180°azimuth and 0°elevation. All testing was completed in double-walled sound booths complying with ambient noise levels specified by ANSI S3.1-1991 ͑ears uncovered testing͒. All presentation levels were established using the method of substitution with the measurement microphone positioned at a location corresponding to the center of the listener's head. For the CST, the calibration noise supplied with the materials was used to specify the sound levels. For the NST, a 400 Hz FM signal was generated that had the same rms level as the 400 Hz pure-tone calibration signal supplied with the materials and this stimulus was used to set the level of both the speech and babble competition in the sound field. Recordings were made of the FM calibration stimulus on both channels of a digital audio tape ͑DAT͒, with the NST materials on one channel and the SPIN multi-talker babble on the other channel. Differences between the rms levels of the FM calibration signal and the rms levels of the NST syllables and SPIN babble were taken into consideration for subsequent SII calculations.
For the NST, the participant marked the syllable heard on a large-font answer sheet containing seven to nine alternatives that differed from the stimulus by only one phoneme. For the CST, before testing began, the participant was provided with the passage topic and was encouraged to guess if uncertain about what was heard. After each sentence of the passage, there was a pause in the presentation of the speech signal and the participant orally repeated what had been heard. Using an orthographic representation of the passage, the experimenter proceeded to score the participant's response using the highlighted keywords.
Approximately two weeks later, the participant returned for the one-month follow-up visit. The hearing aids were again examined, evaluated in the testbox, and adjusted as needed to return their function to the target levels from the initial fitting session. Next, aided speech-recognition measures were obtained for the four test conditions in a manner identical to that described for unaided testing, but only for the binaural listening condition. Thus, one NST and three CST scores were obtained in this session with the participant wearing both hearing aids, each adjusted in the testbox to match the electroacoustic performance recorded in the initial fitting session. Test forms ͑NST͒ and passages ͑CST͒ not used previously were employed in this session.
III. RESULTS
Mean and individual data are presented in this section prior to evaluation of the SII and regression predictive schemes. These data are presented here both to provide a more thorough description of the characteristics of the study sample and to demonstrate that this study sample is representative of the elderly hearing-impaired population in general through comparisons to available ''norms'' for this population.
A. Audiological measures
Median air-conduction thresholds for each ear are presented in Fig. 1 for the 171 elderly hearing-aid wearers grouped by gender and age decade. There is a progressive decrease in hearing with age, especially in the high frequencies, with the possible exception of the left-ear hearing thresholds of the male participants ͑open symbols, top panel͒. As expected ͑e.g., Moscicki et al., 1985͒ , female participants had better hearing above 1000 Hz than their male counterparts. Although these relative age-related and genderrelated trends in hearing thresholds are consistent with available data on presbycusis, it should be noted that the severity of hearing loss is greater than that of ''typical'' elderly individuals, especially for the 60 and 70 year olds. This is due to the exclusion of those in each age group with milder hearing loss from this study of elderly hearing-aid wearers. Table I presents the means and standard deviations for the same group of participants on several additional audiological measures obtained. The pattern of results in the group data in Table I for SRT, word-recognition scores ͑NU-6͒ in quiet, ABR wave-V latency, DPOAE SNR, and PI-PB functions is consistent with the presence of a high-frequency sensorineural hearing loss bilaterally ͑as depicted previously in Fig. 1͒ . That is, the group data suggest no significant declines in word-recognition scores when the presentation level is increased beyond that yielding the maximum score. The average decline in word-recognition score with increase in presentation level is approximately 4%-5% in each ear. Thus, on a group basis, there is little evidence of significant ''roll over'' in the PI-PB function which is consistent with cochlear site of lesion. In addition, mean DPOAE signal-tonoise ratios ͑SNRs͒ for low ͑1000-1500 Hz͒, mid ͑2000-3100 Hz͒, and high ͑4000-6300 Hz͒ frequencies are all consistent with the absence of functional outer hair cells in each ear. Finally, average wave-V latencies in each ear are typical of those measured in elderly listeners with comparable amounts of hearing loss and cochlear site of lesion ͑Jerger and Johnson, 1988͒.
Figure 2 provides a more detailed look at the DPOAE SNR values obtained in this study. The individual SNR values are plotted as a function of average hearing loss, either PTA ͑500, 1000, and 2000 Hz; top two panels͒ or HFPTA ͑1000, 2000, and 4000 Hz; lower four panels͒. The top two panels depict SNRs for the lower-frequency DPOAEs, middle panels for the mid-frequency DPOAEs, and bottom panels for the high-frequency DPOAEs, with the left-hand panels providing data for the left ear and right-hand panels for the right ear. Using a SNR criterion of 6 dB to indicate the presence of a DPOAE ͑represented by the horizontal dashed line in each panel͒, with a few exceptions, the presence of DPOAEs is only observed for milder amounts of hearing loss. Thus, the individual data for DPOAEs are also consistent with a cochlear site of lesion for the overwhelming majority of participants.
In a similar manner, Fig. 3 provides a more detailed examination of the ABR wave-V latencies obtained from the participants in this study. In each panel of Fig. 3 , wave-V latency is plotted as a function of HFPTA, with the panels on the left depicting data for the left ear and those on the right providing data from the right ear. Data have been plotted separately for females ͑top panels͒ and males ͑bottom panels͒. The open circles connected by solid lines in each panel depict ''norms'' provided by Jerger and Johnson ͑1988͒ from large groups of elderly males and females obtained for stimulus and recording conditions very similar to those used here. These normative data, moreover, were obtained from patients with cochlear site of lesion. For the elderly females in the present study ͑top two panels͒, there is good agreement with the average data from Jerger and Johnson ͑1988͒. Although there is similar agreement for the overwhelming majority of data gathered from the elderly males in this study ͑lower two panels͒, there are clearly several males for whom prolonged wave-V latencies are apparent, especially in the left ear ͑lower left-hand panel͒. Most of these prolonged latencies, however, occur for participants with severe amounts of high-frequency hearing loss ͑HFPTA Ͼ50 dB HL͒; cases for whom Jerger and Johnson ͑1988͒ used a stimulus level that was at least 10 dB higher than that used in the present study. Even for the data shown for females in the top panels of Fig. 7 , once the average high-frequency hearing loss exceeds 50 dB HL, the majority of observed wave-V latencies are above the reported norms. This again is likely due to the use of a higher stimulus level by Jerger and Johnson ͑1988͒ in deriving these norms for individuals with more severe hearing loss ͑HFPTA Ͼ50 dB HL͒. In general, then, the in- dividual data for ABR wave-V latency are also overwhelmingly consistent with a cochlear site of lesion, with the possible exception of a small number of males ͑Ͻ10͒ who may have wave-V latencies longer than expected given their gender and severity of hearing loss. All told, there is little evidence in the audiological data from this study that supports the presence of so-called ''neural presbycusis'' ͑Schuknecht, 1964͒. Similarly, there is little evidence in this population for ''auditory neuropathy'' ͑Starr et al., 1996͒. Only three cases, for example, were found of normal outer hair cell function ͑DPOAE SNRу6 dB͒ in any of the three frequency regions with presence of prolonged wave-V latency ͑у6.7 ms͒ in the same ear. All three cases were males, with two involving the left ear and one involving the right ear. Moreover, in two of the three cases, the HFPTA was greater than 60 dB HL. Further, in no cases were the DPOAE SNR values above 6 dB in more than one frequency region ͑that is, two of the three DPOAE measures in each ear were consistent with outer-hair-cell lesions͒. In summary, it appears that the cochlea, and the outer hair cells FIG. 2 . Scatterplots of DPOAE SNR values as a function of various pure-tone averages for 171 elderly participants. Left panels depict data from left ear whereas right panels depict data from right ear. Top panels provide results for low-frequency DPOAEs, middle panels data for mid-frequency DPOAEs, and bottom panels results for high-frequency DPOAEs. The horizontal dashed line in each panel represents a 6 dB DPOAE SNR.
in particular, are the primary site of lesion underlying the observed sensorineural hearing loss in the elderly participants in this study. Figure 4 depicts the means ͑black bars͒ and standard errors for the six measures of auditory processing used in this study, three measures from the VACD and three from the TBAC. Performance on each of the six measures is expressed in terms of percent-correct scores. The gray vertical bars adjacent to the means for the three VACD measures are mean values from another group of elderly hearing-impaired listeners tested by Humes, Coughlin, and Talley ͑1996͒ at the same presentation level as the current study. There is close agreement between these two sets of data indicating that the present group of subjects is typical of other similar groups evaluated previously. For the TBAC, appropriate comparison data available for the same 90 dB SPL presentation condition were not available. Humes and Christopherson ͑1991͒ reported mean data for a group of 23 elderly hearing-impaired subjects for a presentation level of 75 dB SPL. The scores from the participants in the present study for the tonal duration-discrimination and temporal-order discrimination tasks, however, are not likely to be very different for presentation levels of 75 and 90 dB SPL ͑Christopherson and Humes, 1992͒. Humes and Christopherson ͑1991͒ reported mean scores of approximately 71% and 65% for the duration-discrimination and temporal-order discrimination tasks, respectively. These values are in good agreement with those shown for the same measures in the right-hand portion of Fig. 4 . The syllable-sequence task of the TBAC, on the other hand, is impacted by presentation level and the audibility of the speech syllables used in the task ͑Christopherson and Humes, 1992͒ and there are no appropriate ''norms'' available for the 90 dB condition used in this study. In general, though, elderly hearing-impaired listeners consistently have scored much lower ͑Ͼ25% lower͒ on the syllablesequence task than on the other two TBAC measures and that pattern is also observed in Fig. 4 . In summary, the auditoryprocessing performance of the participants in this study is consistent with that observed previously in similar studies of elderly hearing-impaired listeners. panel, age-related norms are available for every five-year span in age from 60 to 74 years and these norms are used to scale the raw scores so that the average age-corrected scale score will be 10 for every age group. In a similar fashion, IQ is scaled for each age group so that average IQ will be 100. From the means depicted in Fig. 5 , it is apparent that the elderly participants in the present study were average or slightly above average overall for the verbal scaled scores, a little below average for the performance scaled scores, and above average in IQ. The norms used to scale the scores for each age group in the WAIS-R, however, are designed to determine how a particular individual's performance compares to those typical ''for their age.'' In general, the mean cognitive function of the present study sample indicates that cognitive function was representative of adults of the same age.
B. Auditory-processing measures
C. Cognitive measures
Such age-related norms are not of particular interest in the present study in that it was desirable to quantify agebased changes in cognitive function that might have an impact on speech-recognition performance. For example, the raw score on a particular WAIS scale might decline from age 60 to age 70, but still reflect average performance ''for their age.'' The scaled score, as a result, would be 10 in each case and would obscure the age-related decline in cognitive function apparent in the raw scores. Thus, the raw scores for the WAIS-R are of greater interest for regression analyses in the present context. The means and standard errors for the raw WAIS scores are shown for each subscale in the left-hand portion of Fig. 5 . Unless noted otherwise, all subsequent presentation of data for the WAIS-R will make use of raw scores for the 11 scales and scaled scores for the three measures of IQ. Figure 6 presents the means and standard errors for unaided ͑black bars͒ and aided ͑gray bars͒ speech-recognition performance in quiet. The percent-correct scores for each participant and listening condition were converted to rationalized arcsine units ͑rau; Studebaker, 1985͒ to stabilize the error variance prior to statistical analysis. A paired-sample t-test for the transformed NST scores indicated that aided performance was significantly greater (pϽ0.001) than unaided performance. A repeated-measures General Linear Model ͑GLM͒ analysis of the transformed aided and unaided CST scores across the three conditions indicated significant (pϽ0.001) main effects of hearing aid and listening condition, as well as a significant interaction. Post-hoc pairedsample t-tests indicated that aided performance exceeded unaided performance for the CST at 50 dB in quiet and at 65 dB in a ϩ8 dB SNR, but there were no differences between aided and unaided listening for the CST presented at 80 dB and a 0 dB SNR. In general, these findings for aided and unaided speech-recognition performance and the pattern of results across listening conditions are consistent with prior observations from similar groups.
D. Speech-recognition measures
IV. SII CALCULATIONS
Having demonstrated that the study sample was representative of ''typical'' elderly hearing-impaired listeners with regard to audiological, auditory-processing, cognitive and speech-recognition function, the ability of the SII to account for the speech-recognition performance of the study sample is examined in this section. Table II lists the one-thirdoctave-band sound pressure levels used in the calculation of SII values for each listener. Band-specific weights (W i ), rms speech levels (Lsp i ), and rms babble levels (Ln i ) for the FIG. 6 . Mean speech-recognition scores for each of the four test conditions in this study and for unaided ͑black bars͒ and aided ͑gray bars͒ listening conditions. Thin vertical lines at the top of each bar represent one standard error above the mean. NSTϭNonsense Syllable Test and CSTϭConnected Speech Test. TABLE II. One-third-octave-band frequencies, sound pressure levels and weighting factors used in the calculation of SII values for the NST and CST. fc i ϭone-third-octave-band center frequency; T i ϭthe binaural reference equivalent threshold sound pressure level in the free field for each band, from ANSI S3.6-1996; Lsp i ϭrms speech levels in dB SPL for each band; Ln i ϭrms noise or babble levels in dB SPL for each band; and W i ϭweighting factor ͑importance͒ for each band. CST were taken from Sherbecoe and Studebaker ͑2002a, 2002b͒. For the NST, the weights for nonsense syllables from the ANSI SII standard ͑ANSI S3.5-1997͒ were used. The one-third-octave-band speech and noise levels for the NST were directly measured by digitizing the speech and babble stimuli at a sampling rate of 22 kHz ͑low-pass filtered at 10 kHz͒ with 16 bit resolution. For the nonsense syllables, the carrier phrase ͑''You will mark គគ, please''͒ was digitally deleted for each token and the remaining CV-or VC-syllable stimulus files were saved to disk. The entire set of nonsense syllables was then concatenated to form one long stimulus file. The rms level of the concatenated set of syllables was then measured using a 100 ms analysis window. Successive 2048-point fast Fourier transform spectra, with BlackmannHarris windowing, were averaged to generate the long-term rms spectra for the speech and the babble. The amplitudes of the components within each band were then summed on a power basis to produce the one-third-octave-band levels for the NST speech and SPIN babble appearing in Table II . ͑The FM calibration signal used to set the stimulus levels in the sound field was analyzed in an identical manner to provide a reference level in dB SPL for the analyses of the speech and babble stimuli.͒ For the NST and CST, and for both the speech and the babble stimuli of each test, levels appearing in Table II are for an overall rms level of 65 dB SPL as measured with the method of substitution at a location corresponding to the center of the listener's head. Finally, the reference equivalent-threshold sound pressure levels ͑RETSPLs͒ appearing in Table II are the binaural free-field thresholds for normal listeners from ANSI S3.6-1996. As is apparent in Table II , not all one-third-octave-band center frequencies in the ANSI standard were included in these SII calculations. Unaided calculations made use of the bands listed in Table II from 250 through 6000 ͑6300͒ Hz. The gain at 6000 Hz was not recorded for the listeners in this study and this frequency was omitted from calculation of aided SII values. Based on prior analyses by and given the nature of the participants' hearing loss and the frequency-gain characteristics of the hearing aids in this study, it was felt that the center frequencies appearing in Table II provided sufficient resolution in the frequency domain for valid SII calculations in hearing-impaired listeners.
Since not all of the bands included in the SII standard were used, the sum of the band-specific weights could not sum to 1.0 under optimal conditions, as expected. This was addressed in these analyses for both the NST and CST by summing the weights provided in Table II ͑separately for each test͒, calculating the SII for the bands indicated in Table II , and then dividing the calculated SII by the summed weights. For example, for the calculation of SII values for the NST and aided listening conditions ͑250-4000 Hz͒, the weights in Table II sum to 0.5671. If the SNR in each band is 15 dB, the resulting SII for these analysis would be 0.5671, but should be 1.0. Dividing the calculated SII value by 0.5671 results in the correct SII value of 1.0.
For the calculation of the SII, the range of band-specific SNR values recommended in ANSI S3.5-1997 ͑ϩ15 to Ϫ15 dB͒ was used for all calculations. In addition, the leveldistortion factor incorporated in the standard was used in all calculations. The best hearing threshold at each frequency in either ear was selected for each listener and used in the SII calculations. Aided speech and noise spectra were amplified by an amount determined from application of the NAL-RP prescriptive formula to the thresholds selected at each frequency for each listener from the preceding step.
Finally, two different sets of SII calculations were performed, one with hearing-loss desensitization ͑HLD͒ included and one without it. For the inclusion of HLD corrections, a formula similar to that proposed by Sherbecoe and Studebaker ͑2002b͒ was employed. Specifically, HLDϭ1 Ϫ(HFPTA bin /108.3072) 3 , where HFPTA bin is the average hearing loss in both ears at 1000, 2000, and 4000 Hz. This correction factor is applied by multiplying the SII value by HLD. SII values with the HLD correction applied are identified here as SII HLD .
To predict speech-recognition scores from SII values, transfer functions from young normal-hearing listeners linking these two variables are also needed. For the CST, Sherbecoe and Studebaker ͑2002a͒ provided a transfer function for the data obtained in their study. This transfer function appears as the dashed line in Fig. 7 , together with the mean data from their study ͑circles, squares͒ for a wideband ͑100-11 000 Hz͒ listening condition and a group of 12 normalhearing listeners tested on two different occasions ͑Trials 1 and 2͒. The solid line in Fig. 7 represents the best-fitting transfer function obtained in the present study for the wideband condition depicted, with SII values computed as described in this paper. In both cases the equations for the transfer functions are of the form first described by Fletcher and Galt ͑1950͒, but each differs in the specific values of the two free parameters. The specific equations for each transfer FIG. 7 . Mean CST percent-correct scores from Sherbecoe and Studebaker ͑2002a͒ for 12 young normal-hearing listeners under wide-band listening conditions. Listeners were tested on two occasions, represented by the circles ͑Trial 1͒ and squares ͑Trial 2͒. The dashed line represents the bestfitting transfer function obtained by Sherbecoe and Studebaker ͑2002a͒ for this wide-band condition, as well as several low-pass and high-pass filtered conditions. The solid line represents the best-fitting transfer function fit to the wide-band data only and using the SII values as calculated in this study. function are provided in Fig. 7 . Since there were slight differences between the SII calculation procedures of Sherbecoe and Studebaker ͑2002a͒ and those used in this study and the solid transfer function provides a better fit of these reference data to our SII values than the dashed transfer function, the solid transfer function derived here was used to generate predicted CST scores. ͓Unlike the SII calculation procedure in this study, Sherbecoe and Studebaker ͑2002a͒ used the full complement of one-third-octave bands provided in the ANSI standard, their own directly measured bandspecific speech-peak values, and did not incorporate the band-specific level-distortion correction factor from the standard in their SII calculations.͔ Figure 8 provides a comparable performance-vs-SII transfer function for the NST. The data in this study were obtained, with the exception of one data point obtained in quiet ͑closed circle͒, with the SPIN babble as the background competition. The best-fitting transfer function was: Sϭ(1 Ϫ10 (ϪSII/0.571) ) 1.498 . This function is presented by the solid line for NST scores greater than 12.5%. Since there are an average of eight alternative responses for each stimulus in this closed-set task, chance performance of 12.5% represents the performance floor, rather than 0%. Once the transfer function was derived, those predicted scores less than 12.5% were set to 12.5% and this portion of the solid function in Fig. 8 represents a cubic-spline fit of the transfer function combined with the 12.5% performance floor.
Having established appropriate reference performancevs-SII transfer functions for young normal-hearing listeners using the SII calculation scheme in this study, individual data from the elderly hearing-impaired listeners could now be examined relative to these normative transfer functions. Figure   9 provides a series of scatterplots depicting speechrecognition performance of the elderly listeners as a function of SII. The top left panel shows the results for the NST whereas the other three panels depict results for the CST, each for a different listening condition. In each panel, the performance-vs-SII transfer function for each test is provided by the solid line and the dashed lines above and below the transfer functions represent 95% critical-difference bounds from Thornton and Raffin ͑1978͒ for tests of 100 items ͑NST͒ or 50 items ͑CST͒. The closed circles in each panel represent performance for the unaided listening conditions whereas the open circles represent performance in the aided conditions. Several general statements can be made about the scatter plots in Fig. 9 . First, regardless of test or listening condition, more individual data points fall within the 95% critical-difference boundaries for unaided listening conditions than for aided listening conditions. Second, except for unaided CST scores obtained at 50 dB in quiet ͑top right panel͒, actual speech-recognition performance of the elderly hearing-impaired listeners tends to be lower than expected based on the SII. Third, the range of SII values is much more restricted for the CST at 80 dB and ϩ0 dB SNR ͑bottom right panel͒ compared to the other conditions. This simply reflects the fact that the high speech and noise levels used in this condition determine the audibility of speech much more so than individual variations in threshold. Figure 10 provides scatterplots equivalent to those in Fig. 9 , but for the SII corrected by the hearing-loss desensitization factor ͑HLD͒. Clearly, by comparing the scatterplots in Figs. 9 and 10, the HLD correction shifts many of the data points to lower SII values and results in more of the speechrecognition scores falling within the 95% critical-difference bounds than for the uncorrected SII. Still, even with this correction, there are many data points below the 95% critical-difference boundaries of each transfer function, especially for the aided listening conditions.
As noted previously, age corrections for SII predictions have also been advocated ͑Studebaker et al Sherbecoe and Studebaker, 2002b͒ . Rather than incorporate age corrections into the SII values, however, this issue will be addressed in the subsequent section on the linear-regression predictions.
V. LINEAR-REGRESSION PREDICTIONS
Based on prior experience with a similar approach to the prediction of unaided speech-recognition performance in a group of 50 elderly hearing-impaired listeners ͑Humes et al., 1994͒, it was anticipated that the analysis of the association between prefit predictor variables and subsequent speechrecognition measures would make use of canonical correlations, a statistical tool that examines associations between two sets of variables. In this case, it was the association between the set of prefit predictor variables and the set of speech-recognition measures that was of potential interest. However, inspection of the correlation matrix for the eight measures of speech-recognition found the correlations to range from 0.43 to 0.78, with most in the range of 0.55-0.65. Subsequent principal-component factor analysis ͑Gorsuch, 1983͒ indicated that a single speech-recognition factor, ac- counting for 61.0% of the variance in speech-recognition scores, was adequate. Given test-retest correlation coefficients for the NST and CST on the order of 0.8 -0.9 ͑Humes et Cox et al., 1988͒ , a factor analysis accounting for 61% of the total variance accounts for 75%-95% of the systematic variance in speech-recognition performance, and this was considered to be a good fit. Since the eight speechrecognition scores could now be represented accurately by a single general speech-recognition factor score ͑with mean of 0 and standard deviation of 1.0͒, a linear-regression approach could be pursued in which the set of prefit variables would be used to predict the general speech-recognition factor score. It should also be noted that when the loadings of each of the eight speech-recognition scores on the lone principal component were examined, they all ranged from a low of 0.70 ͑CST at 80 dB, aided͒ to a high of 0.87 ͑CST at 65 dB, unaided͒ indicating that this lone factor represented all eight of the scores adequately and with roughly equivalent weight.
There were a total of 33 prefit variables considered as possible predictors of speech-recognition factor scores. These included the eleven raw scale scores and three measures of IQ ͑verbal, nonverbal, and total͒ from the WAIS-R, five measures of auditory processing, ABR wave-V latencies for the right and left ears, DPOAE SNR values for each ear and for low, mid, and high frequencies, PTA and HFPTA for the right and left ears, age, and a measure of aided speech audibility ͑aided HFPTA, or HFPTA minus the average measured hearing-aid gain at 1000, 2000, 3000, and 4000 Hz, was computed for each ear and the minimum value was selected͒. Recognition of time-compressed NU-6 words and NU-6 PI-PB measures were not included as predictor variables because these measures were thought to be too close to the measures being predicted. That is, predicting speechrecognition performance from other measures of speech recognition was not of interest. The 33 prefit variables were then subjected to principal-components factor analysis to eliminate redundancy. Orthogonal rotation of factors was also employed to minimize co-linearity among the resulting factor scores. A total of seven orthogonal principal components were identified and accounted for 69.9% of the total variance among the set of 33 predictor variables.
The loadings of each predictor variable on each of the rotated orthogonal factors are provided in Table III . The first factor accounted for 15.4% of the total variance and was labeled ''Verbal IQ'' based on the factor loadings in Table III . The second factor was labeled ''Hearing Loss'' and accounted for 13.8% of the variance. The third factor accounted for 12.7% of the variance and was labeled ''Nonverbal IQ & Aging.'' The fourth factor was labeled ''DPOAE'' and accounted for 10.5% of the total variance. The fifth, sixth, and seventh factors were labeled ''auditory processing,'' ''ABR,'' and ''miscellaneous'' and accounted for 7.8%, 5.5%, and 4.2% of the total variance, respectively. Of course, as the percentage of variance accounted for diminishes, so does the robustness of the factor identified. This, in turn, makes the labeling of the factor more difficult, as in the case of the ''miscellaneous'' factor identified in Table III. Next, the association between the seven predictor principal components and the general speech-recognition principal component was examined using stepwise linear regression. The following regression equation yielded a multiple correlation (r m ) of 0.82, accounting for 67.7% of the total variance in the general speech-recognition ͑SR͒ factor: where all of the coefficients are standardized beta coefficients ͑i.e., range from Ϫ1 to ϩ1͒. The Hearing Loss factor is the only one in Eq. ͑1͒ that is inversely related to the general speech-recognition factor. This indicates that as hearing loss increased, unaided and aided speech-recognition decreased. This factor alone accounted for 53.2% of the total variance in SR factor scores and was the single largest contributing factor among the predictor variables. Next, the factor associated with Nonverbal IQ & Aging accounted for an additional 7.1% of the variance in the best-fitting function. Nonverbal IQ measures were positively loaded on this factor whereas age was negatively loaded on this factor ͑see Table  III͒ . Consequently, the positive beta coefficient for this factor indicates that general speech-recognition performance increased as nonverbal IQ increased and age decreased. Individual differences in Verbal IQ accounted for another 5.4% of the variance in general speech-recognition ability such that higher Verbal IQ scores yielded higher speechrecognition performance. Each of the remaining factors in Eq. ͑1͒, DPOAE and Miscellaneous, although significant, only accounted for an additional 1.0% of the variance and are not discussed further. Clearly, the Hearing Loss factor is the strongest contributor to these predictions accounting for nearly 80% of the explained variance ͑53.2% for the Hearing Loss factor divided by 67.7% for the entire regression equation͒. The top panel of Fig. 11 presents a scatterplot of predicted general speech-recognition factor scores from the best-fitting regression model ͓Eq. ͑1͔͒ versus the observed general speech-recognition factor scores for the 171 elderly participants in this study. As noted, the correlation between predicted and observed general speech-recognition factor scores is 0.82 and the rms error of the predictions is 0.58 ͑in standardized Z-score units͒. How does this compare to the predictive accuracy of SII-based predictions? To examine this in a manner that would facilitate comparison to the results in the top panel of Fig. 11 , a principal-components factor analysis of the eight SII HLD values for each listener was conducted and a one-factor solution was identified that accounted for 87.1% of the individual variations in values among the 171 participants. These values were saved as SII HLD factor scores and the middle panel of Fig. 11 plots the predicted speech-recognition factor scores against the ob- served scores when SII HLD is the only predictor variable in the regression analysis. Clearly, these predictions in the middle panel are not as good as those in the top panel for Eq. ͑1͒, an observation that is supported by the correlation coefficients and rms error values appearing in each panel. Next, the SII HLD factor score was included with the other six predictive factor scores to generate predictions. That is, the SII HLD factor score simply replaced the Hearing Loss factor score in the linear-regression analysis. The other six prefit factor scores from the prior regression analysis remained unchanged. The resulting regression equation was nearly identical to Eq. ͑1͒ with SII HLD accounting for 53.2% of the total variance in speech-recognition performance, followed by 5.8% of the variance accounted for by the factor of Nonverbal IQ & Aging, 2.4% by the Verbal IQ factor, 1.8% by the Miscellaneous factor, and 1.4% by the ABR factor ͓instead of the DPOAE factor in Eq. ͑1͔͒. The standardized beta coefficients for each predictor variable in this equation were also very similar to those in Eq. ͑1͒. However, the beta coefficient for the SII HLD factor, although of identical magnitude ͑0.73͒ to the coefficient for Hearing Loss, was now of opposite sign, reflecting the fact that higher SII HLD values result from lower amounts of hearing loss. A scatterplot of predicted versus observed general speech-recognition factor scores for the full regression equation incorporating SII HLD is shown in the bottom panel of Fig. 11 . Clearly, the addition of other predictive factors, especially both age-related and nonage-related cognitive factors, improves the predictive power of the SII HLD considerably. This is entirely consistent with the concept of age-corrected SII HLD advocated previously by Studebaker and colleagues. Note, however, that there is little difference between the predictive accuracy of the top and bottom panels suggesting that less elaborate measures of speech audibility, such as PTA, HFPTA, and aided HFPTA, may suffice when generating such predictions.
VI. GENERAL DISCUSSION
The results presented in Table I and Figs. 1-5 regarding prefit measures of hearing loss, ABR wave-V latency, DPOAE SNR, auditory processing, and cognitive function ͑WAIS-R͒ demonstrated that the 171 elderly hearingimpaired listeners in this study were typical of others tested previously. In addition, the accuracy of SII and SII HLD predictions for the CST and unaided listening was found to be very similar to that reported recently by Sherbecoe and Studebaker ͑2002b͒ for a group of 76 elderly hearingimpaired listeners. Thus, the participants in the present study can be considered to be representative of elderly hearingimpaired listeners in general. In addition, the agreement of these results with prior SII analyses, at least for the CST, suggests that the procedures followed in calculating the SII, including the use of a restricted number of bands, were valid.
One of the significant findings in this study was that individual differences in speech-recognition performance for the wide range of conditions sampled, including aided and unaided listening, materials ranging from nonsense syllables to meaningful sentences, and test conditions varying from soft speech in quiet to loud speech in noise, could be de- scribed by a single general speech-recognition factor. This is similar to the findings in a previous study by Humes et al. ͑1994͒ in which 50 elderly hearing-impaired listeners were tested unaided in 20 different conditions that included factorial combinations of five different types of test materials ͑in-cluding nonsense syllables, words, and sentences͒, two different speech levels ͑70 and 90 dB SPL͒, and two different background conditions ͑quiet and ϩ7 dB SNR for a speechshaped noise͒. One set of monosyllabic words was also spectrally shaped to provide gain equivalent to that of the NAL-R prescription for the average audiogram of the group. In that study, however, two principal components were found to underlie the speech-recognition measures, one that was interpreted as a general speech-recognition factor that captured 74.1% of the total variance and one that had heavier factor loadings for test conditions involving high speech levels in noise, which accounted for an additional 7.3% of the total variance. Although two speech-recognition factors were identified in that prior study of 50 elderly hearing-impaired listeners, the first factor, on which 17 of the 20 measures of speech recognition were loaded heavily ͑factor loadings Ͼ0.6͒, clearly accounted for the majority of the variance in speech-recognition performance. In addition, although the study by Humes et al. ͑1994͒ was concerned with unaided speech-recognition, the use of a 90 dB SPL presentation level for half of the conditions ͑and spectrally shaped speech for 20% of the conditions͒ resulted in many listening conditions that were not unlike aided listening conditions for the participants. Still, 74.1% of the total variance in speechrecognition performance was accounted for by one factor in that study.
In the prior study by Humes et al. ͑1994͒ , given the presence of a two-factor representation of speech-recognition performance in that study, canonical correlation was used to determine the association between various prefit variables and speech recognition. In that study, as in this one, an audibility or hearing-loss factor was the primary factor underlying a strong relationship ͑canonical correlationϭ0.89͒ between the set of predictor variables and the set of speechrecognition factors. A cognitive factor, one associated with four of the five measures of nonverbal performance from the WAIS-R, was the most substantial secondary contributor to the association between the sets of prefit and speechrecognition factors. Similar findings were obtained by van Rooij, Plomp and colleagues in a series of studies examining various auditory and cognitive contributors to unaided speech recognition in elderly hearing-impaired listeners ͑van Rooij, Plomp, and Orlebeke, 1989; Plomp, 1990, 1992͒ . Multiple measures of speech recognition were employed in those studies and ranged from closed-set recognition of vowels and consonants in noise to sentence recognition in quiet and noise. A single general speech-recognition factor was identified that could account for approximately 70% of the variance. Predictor variables examined in that series of studies included measures of hearing loss, frequency selectivity, temporal resolution, and cognitive function. Across this series of studies, two predictive factors, one related to hearing loss and the other to cognitive function, were needed to account for individual differences in speech-recognition performance among elderly hearing-impaired listeners. The hearing-loss factor accounted for 67%-90% of the systematic variance, with the balance ͑10%-33%͒ accounted for by the cognitive factor. Although differing in details, the same general findings regarding the primary contribution of hearing loss to unaided speech recognition in elderly hearingimpaired listeners have been observed by others as well ͑Jerger, Jerger, and Pirozollo, 1991; Divenyi and Haupt, 1997a , 1997b . In summary, several prior studies have identified a general speech-recognition factor underlying speech perception in the elderly hearing-impaired for unaided speech stimuli and have found hearing loss to be the single best predictor of individual differences in this speechrecognition factor. Other predictive factors, primarily cognitive ones, appear to play a consistent, but secondary, role. In this study, as well as the prior studies by Humes and colleagues and van Rooij and colleagues, supplementary physiological or perceptual measures of auditory function did not play a role in explaining individual differences in speech recognition for the listening conditions evaluated.
Perhaps, given the focus on unaided speech-recognition performance in these prior studies, these findings are not too surprising. Figure 12 , for example, provides plots of the median hearing thresholds for the 171 elderly participants in this study ͑solid line͒, together with the one-third-octaveband speech and babble levels ͑closed and open circles, respectively͒, with each panel depicting one of the four speech-recognition test conditions in this study. Clearly, except for the 80 dB SPL CST test condition ͑lower right panel͒, hearing thresholds limited the audibility of the speech ͑and babble͒ stimuli considerably. From Fig. 12 , it is also easy to envision how variations in threshold above and below the median values depicted will create variations in audibility of speech concurrently across all four unaided test conditions. Consequently, as has been observed in this study and prior studies, hearing loss is the primary contributor to unaided speech-recognition performance regardless of the manner in which speech-recognition performance is measured.
Consider now the aided speech and babble one-thirdoctave levels ͑triangles͒ in Fig. 12 . To facilitate evaluation of speech audibility here, dotted lines 15 dB above the aided speech rms levels have been added to each panel. In the SII model, this dotted line represents the top of the useful speech range that contributes to speech understanding ͑i.e., the speech peaks͒. ͑This is also the case for unaided speechrecognition, but the corresponding peak values were omitted for clarity.͒ It is apparent that, although the aided speech ͑and babble͒ one-third-octave-band levels are restricted much less so by the median hearing thresholds than the corresponding unaided values, the audibility of the speech stimuli may still be less than optimal from 1000 through 4000 Hz, even for the median hearing thresholds. This is especially true for the CST at 50 dB in quiet ͑top right panel͒. Only for the CST at 65 and 80 dB ͑two bottom panels͒ is the babble competition the factor limiting audibility of amplified speech from 250 to 4000 Hz, at least for the median hearing loss.
To evaluate the role of hearing loss further, only the data from those participants with bianaural-averaged HFPTA values less than or equal to the median value of 50 dB HL were selected for analysis. Linear-regression analysis of the general speech-recognition factor for these 87 participants with milder high-frequency hearing loss revealed four predictive factors very similar to the ones identified previously for the entire group in Eq. ͑1͒. The predictor variables identified, and the percentage of total variance accounted for by each, were as follows: Hearing Loss ͑14.8%͒, Nonverbal IQ & Aging ͑9.4%͒, Verbal IQ ͑5.9%͒, and Temporal Processing ͑3.8%͒. A total of 33.9% of the total variance is accounted for by these four factors, which is quite a bit less than that FIG. 12 . Plots of the one-third-octave-band levels, in dB SPL, as a function of frequency, for the speech ͑closed symbols͒ and babble ͑open symbols͒ stimuli for unaided ͑circles͒ and aided ͑triangles͒ listening conditions. Each panel depicts one of the four speech-recognition test conditions in this study and also provides a plot of the group median hearing thresholds on the same coordinates ͑heavy solid line͒. The dotted line in each panel depicts the speech peaks for the aided speech stimuli and is located 15 dB above the rms speech levels for the aided condition ͑filled triangles͒.
accounted for in the entire group and with similar factors. This is to be expected since the variance of the dependent measure has been reduced considerably by selecting only those participants with milder amounts of hearing loss. Nonetheless, audibility or hearing loss still accounts for nearly half of the systematic variance, with cognitive factors, both age-related and non-age-related, accounting for the bulk of the remaining systematic variance. In all of the regression analyses performed in this study, a predictive factor representing the combined influence of age and nonverbal IQ emerged as the second most powerful predictor of aided and unaided speech-recognition performance ͑after the factor associated with hearing loss͒. As noted previously, in the context of the SII or similar acoustical indices, others have suggested that the resulting AI or SII values should be corrected based on the listener's age ͑Studebaker et al Sherbecoe and Studebaker, 2002b͒ . Such correction factors often have been established by examining the dependence of the errors in AI-or SII-predicted speech-recognition performance on listener age for various age groups. Generally, such corrections have been advocated only for listeners 70 years of age or older.
How much of the observed age effect is due to age per se or to correlated changes in either high-frequency hearing loss ͑Fig. 1͒ or nonverbal IQ? To address this issue, the 171 participants in this study were grouped into three age groups: 60-69 years (Nϭ55), 70-79 years (Nϭ85), and 80-89 years (Nϭ30). Between-group GLM analyses were then conducted to examine the effects of age on the general speech-recognition factor score. Figure 13 provides a plot of the estimated marginal means from the GLM analysis for the speech-recognition factor score as a function of age group. Since factor scores have a mean of 0 and standard deviation of 1.0, the absence of an effect of age on the speechrecognition factor score would be represented in Fig. 13 as a horizontal line at 0. The open circles depict the means for each age group without covariation of any other variables. The effect of age was found to be significant and each age group differed significantly from the other two ͑pϽ0.05 for t tests with Bonferroni adjustment of p for multiple comparisons͒. The triangles in Fig. 13 depict the estimated marginal means when HFPTA served as a covariate. The means for each age group were evaluated at HFPTA ͑average of right and left ears combined͒ϭ50.9 dB HL. The mean for the 60-year-old listeners was significantly higher than that of both of the other age groups, but the means for the two older groups no longer differed. Thus, controlling for HFPTA eliminated the significant age effect for those 70 years of age or older. The squares in Fig. 13 depict the estimated marginal means for the speech-recognition factor score when performance on one of the nonverbal-IQ measures from the WAIS-R, the block-design scale, was the only covariate. The estimated marginal means for the speech-recognition factor score ͑estimated at a block-design score of 25.75͒ no longer differed significantly as a function of age group. Thus, when differences in nonverbal IQ were controlled, there was no significant effect of age on the speech-recognition factor score. Finally, covarying both HFPTA and block-design scores moved the estimated marginal means still closer toward a flat line at 0 and also resulted in no significant effect of age on the speech-recognition factor score. The results in Fig. 13 , therefore, indicate that there is indeed an effect of age on the speech-recognition factor score, but that this effect is due to underlying changes in cognitive function ͑block design͒ and, to a lesser extent, hearing loss ͑HFPTA͒. In the regression analyses conducted previously in this study ͓Eq. ͑1͔͒, since the effects of HFPTA were already accounted for in the regression equations by the Hearing Loss factor, it appears likely that the underlying age-related changes in general speech-recognition performance observed here were mediated through associated cognitive changes ͑nonverbal IQ͒.
It should be noted that Eq. ͑1͒ only predicts the relative standing of a given elderly hearing-impaired individual among a population of such individuals and does so in terms of general speech-recognition ability. A predicted SR value of 0, for example, simply means that the elderly listeners scored the same as the ''average'' elderly hearing-impaired listener. This is useful in identifying factors underlying individual differences in performance, as in this study, but is not helpful when attempting to evaluate the score of a particular hearing-aid wearer for a specific test condition. The work of Studebaker and colleagues in this regard appears particularly promising ͑Studebaker Gray, and Branch, 1999͒.
VII. SUMMARY
The following list summarizes the main findings of this study of 171 ''typical'' elderly hearing-impaired listeners fit with linear amplification:
͑1͒ both unaided and aided measures of speech-recognition performance, obtained for a variety of materials and listening conditions, were related to a single, underlying speech-recognition factor; ͑2͒ approximately two-thirds of the variance in general speech-recognition ability could be accounted for using a linear multiple-regression approach whereas only about half of the variance was accounted for by the SII ͑with-out age corrections͒; ͑3͒ the predominant contributor to the regression equation was a measure of hearing loss or speech audibility ͑SII͒; and ͑4͒ additional variance was accounted for by the inclusion of age-related ͑non-verbal͒ and non-age-related ͑verbal͒ measures of cognitive function.
